and surgery is not beneficial in patients who have received 5-FU-based CRT. The expression levels of four genes, HIF1A, MTHFD1, GGH and TYMS, in tumor tissues can predict the response to preoperative CRT including either S-1 or UFT/LV. In particular, the gene expression level of GGH in tumor tissues may be a useful biomarker for the appropriate use of S-1 and UFT/LV in CRT.
Introduction
Multidisciplinary treatment including preoperative radiotherapy or chemoradiotherapy (CRT) significantly decreases local recurrence in patients with locally advanced rectal cancer and has been established as a standard treatment [1] [2] [3] [4] . The histological response to preoperative CRT is closely related to the oncologic outcome. Disease-free survival and overall survival are significantly better in patients with histologic complete regression or with tumor down-staging than in patients without such findings [5] [6] [7] [8] .
5-Fluorouracil (5-FU)-based chemotherapy has been commonly used in combination with radiotherapy, and 5-FU seems to have radiosensitizing properties. Approximately, 20% of patients treated with neoadjuvant 5-FUbased CRT have been reported to show a pathological complete response (pCR) [8, 9] . An additional neoadjuvant administration of mFOLFOX6 (5-FU, leucovorin (LV), and oxaliplatin) during the period between the completion of radiotherapy and surgery has been reported to have the potential to increase the rate of pCR [10] .
Both S-1 and tegafur-uracil (UFT) are 5-FU-based oral drugs. UFT is commonly used in combination with LV to enhance the 5-FU-induced inhibition of thymidine synthase (TYMS) [11] [12] [13] . Combination chemotherapy with oral UFT and oral LV reportedly has a comparable therapeutic efficacy to intravenous 5-FU and LV [14, 15] . S-1 contains CDHP (5-chloro-2,4-dihydroxypyridine), which is a more potent inhibitor of dihydropyrimidine dehydrogenase (DPYD) than uracil in UFT, resulting in the maintenance of a high concentration of 5-FU in the tumor tissues. Therefore, S-1 has a stronger antitumor effect than UFT and is commonly used without LV. We previously reported the efficacy and safety of oral UFT/LV therapy for the longterm treatment of patients with colon cancer [16] and of CRT including UFT or S-1 in patients with rectal cancer [17] [18] [19] [20] [21] .
The first objective of this study was to investigate the effect of additional oral UFT/LV or S-1 therapy during the period between the completion of radiotherapy and surgery on the pCR and histological response.
We previously reported that the tumor expression levels of folate-related genes, such as folylpolyglutamate synthase (FPGS) and gamma-glutamyl hydrolase (GGH), and of 5-FU-related genes, such as thymidine phosphorylase (TYMP), thymidylate synthetase (TYMS), and dihydropyrimidine dehydrogenase (DPYD), are closely correlated with the response to preoperative chemotherapy or chemoradiotherapy including UFT or S-1 [8, [22] [23] [24] . Since the most substantial difference between these two 5-FU-based chemotherapies, i.e., UFT/LV and S-1, is the presence/ absence of LV, the predictive factors may differ when UFT/ LV and S-1 are used for CRT.
As a second objective of this study, we investigated the association between gene expression levels in tumors before CRT and the pathological response to CRT to establish a useful biomarker for the proper use of S-1 and UFT/ LV.
Patients and methods

Patients
Sixty consecutive patients with clinical stage II or stage III histologically confirmed adenocarcinoma of the middle or lower third of the rectum who were treated at Tokai University Hospital between 2013 and 2016 were enrolled in this study. Six patients were excluded because of the unavailability of biopsy specimens obtained before CRT, the unavailability of resected specimens, or the refusal of the patient to undergo surgery. Therefore, data for 54 patients were used as the analysis set. The initial evaluation included a digital examination of the rectum, chest radiography, colonoscopy, barium enema, computed tomography of the abdomen and pelvis, endorectal ultrasonography, and magnetic resonance imaging (MRI) of the pelvis. Patients were randomly assigned to one of the four treatment groups. The study investigators and patients were not blinded to the treatment assignments.
This study was conducted with the approval of the Ethics Committees of Tokai University School of Medicine (15R-153) and Taiho Pharmaceutical Co., Ltd. (SN15-011). All the patients provided written informed consent. The patient characteristics are shown in Table 1 .
Treatment
The treatment schedule for CRT is shown in Fig. 1 . Preoperative radiotherapy was performed for all the patients using 18 MeV X-ray beams delivered by a linear accelerator (Clinac 2100 C; Varian Medical Systems, Inc., Palo Alto, CA, USA) using the four-field technique. Irradiation was performed once (1.8 Gy) daily to a total dose of 45 Gy. Surgery was performed 7-9 weeks (median, 59 days) after the completion of radiotherapy. Patients in Group A received 5 weeks of radiotherapy with oral S-1 (80 mg/m 2 ) as concomitant chemotherapy. Oral S-1 was given for 2 consecutive weeks, followed by a 1-week rest, and was then given for 2 more weeks [18] . Patients in Group B received the same chemoradiotherapy during the first 5 weeks as Group A and received an additional 4 weeks of oral S-1 chemotherapy until 11 weeks, according to the same dosage schedule. Patients in Group C received 5 weeks of radiotherapy with oral UFT (300 mg/m 2 ) and oral LV (75 mg/ body) as concomitant chemotherapy. Oral UFT and LV were given for 5 days, followed by a 2-day rest. This cycle was repeated for 5 weeks during radiotherapy. Patients in Group D received the same chemoradiotherapy during the first 5 weeks as Group C and received an additional 5 weeks of oral UFT/LV chemotherapy until 10 weeks. During the protocol treatments, clinical findings and laboratory data were evaluated every week during the first 5 weeks. After the completion of the radiotherapy, the blood chemistry findings of the patients were examined every 2 weeks until surgery.
Tissue sampling
A colonoscopy was performed to obtain biopsy specimens before CRT. We obtained six biopsy specimens from each patient. All the biopsy samples were immediately immersed in RNAlater solution (Thermo Fisher Scientific, Waltham, MA, USA) and incubated overnight at 4 °C. Then, the tissues were removed from the RNAlater solution and stored at −80 °C.
Evaluation of antitumor effectiveness
The antitumor effectiveness was evaluated based on the histologic regression observed in the resected specimen. Histologic regression was classified according to the tumor regression grade (TRG) [25] . TRG was classified as Grade 1 (complete regression), Grade 2 (presence of rare residual cancer cells), Grade 3 (increased number of residual cancer cells), Grade 4 (residual cancer outgrowing fibrosis), or Grade 5 (absence of regression change). A patient with a ) and leucovorin (LV) (75 mg/body) were administered daily per a 5-days-on/2-days-off schedule for 5 weeks (group C) or for 10 weeks (group D). Irradiation was performed once (1.8 Gy) daily per a 5-days-on/2-days-off schedule for 5 weeks TRG of 1 or 2 was defined as a responder. Barium enema and MRI have been used to evaluate tumor shrinkage after CRT [26, 27] . A barium enema examination can evaluate 2-dimensional changes, consistent with the response evaluation criteria in solid tumors [28] , whereas MRI-based volumetry can assess 3-dimensional changes. In the present study, both evaluation methods were used in 53 patients and evaluation based only on a barium enema examination was performed for one patient. The double-contrast barium enema examinations and magnetic response volumetry studies were performed before CRT and immediately before surgery. A 1.5-Tesla MRI system with a surface coil was used. Before MRI, colonic irrigation was performed, and the barium was then infused. Cross-sectional areas were measured on axial T2 images. The degree of tumor shrinkage on the barium enema examination was calculated by measuring the tumor along the major axis (length along the long axis of the bowel) on lateral views. Each measurement was corrected by the diameter of the first sacrum [26] . 
Gene expression analysis
The mRNA expressions of 5-FU-related enzymes [six genes: dihydropyrimidine dehydrogenase (DPYD), ribonucleotide reductase M1 (RRM1), thymidine kinase 1 soluble (TK1), thymidine phosphorylase (TYMP), thymidylate synthetase (TYMS), and uridine monophosphate synthetase (UMPS)], of reduced folate-related enzymes [eight genes: 5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase/IMP cyclohydrolase (ATIC), dihydrofolate reductase (DHFR), folylpolyglutamate synthase (FPGS), phosphoribosylglycinamide formyltransferase (GART), gamma-glutamyl hydrolase (GGH), methylenetetrahydrofolate dehydrogenase 1 (MTHFD1), methylenetetrahydrofolate reductase (MTHFR), and 5,10-methenyltetrahydrofolate synthetase (MTHFS)], and of radiation-related enzymes [four genes: cyclin-dependent kinase inhibitor 1A (CDKN1A), hypoxia inducible factor 1 alpha subunit (HIF1A), tumor protein p53 (TP53), and vascular endothelial growth factor A (VEGFA)] were quantitatively evaluated using a RT-PCR assay, as described below. Total RNA was isolated from the tissue using the RNeasy mini kit (Qiagen, Valencia, CA, USA) and reverse transcribed using a high-capacity cDNA reverse transcription kit (Thermo Fisher Scientific). A real-time reverse transcription polymerase chain reaction (RT-PCR) was performed using an ABI PRISM 7900HT sequence detection system (Thermo Fisher Scientific) and a real-time RT-PCR array (TaqMan Array; Thermo Fisher Scientific), which included duplicated wells of a reference gene (Assay ID [29, 30] . The relative gene expression levels were calculated using the delta threshold cycle (Ct) method according to the formula shown below. The expression levels of the target genes were expressed as 2 −(delta Ct) × 1000 to simplify the calculation.
Statistical analysis
The associations between clinical parameters (sex, age, primary tumor site, histological type, primary tumor site, regimen and period of chemotherapy) and the tumor response to CRT and tumor shrinkage were evaluated using the Fisher exact test and the Student t test, respectively. The associations between gene expression levels in tumor tissue before CRT and the response to CRT were evaluated using univariate and multivariate logistic regression analyses. The odds ratios were calculated as the value per change in regressor over one unit. P values were calculated using the Wald test. The patients were divided into low and high groups according to the gene expression levels of γ-glutamyl hydrolase (GGH) using the median as the cut-off value. The presence of an interaction between the regimen and GGH expression was assessed using a multivariate logistic regression analysis. P values were calculated using the Wald test. The difference in the response rates between the low and high expression groups were evaluated using the Fisher exact test. Log-transformed values of the gene expression levels were used for all the statistical analyses. JMP 9.0.2 statistical software (SAS Institute Inc., Cary, NC, USA) was used. Differences were considered significant when Expression level of target gene = 2 −(delta Ct) × 1000.
Delta Ct = (Ct of target gene) − (Ct of beta-actin).
P < 0.05. All the statistical analyses were conducted with the support of the Sugimoto Data Analysis Service (Aichi, Japan).
Results
A pathological response (TRG 1-2) and a pCR were observed in 42.6% (23/54) and 14.8% (8/54) of the total patients, respectively ( Table 1 ). The intervals until surgery from the completion of radiation therapy in Groups A, B, C and D were 59.3 ± 4.2, 59.6 ± 6.0, 59.7 ± 4.4 and 64.6 ± 26.8 days, respectively. There were no significant differences in the intervals among the 4 groups (data not shown). There were no significant relationships between the rate of response, pCR, or tumor shrinkage and the clinical parameters (sex, age, primary tumor site, histological type, or regimen) ( Table 1 ). The addition of oral UFT/ LV or S-1 therapy during the period between the completion of radiotherapy and surgery did not have a significant effect on the pCR and pathological response (Table 1) .
In a univariate logistic regression analysis performed using all the patients, the gene expression levels of MTHFD1 and HIF1A were significantly associated with the pCR and the TRG response, respectively (Fig. 2) . The odds ratios of MTHFD1 for pCR prediction and of HIF1A for TRG prediction were 3.84 (1.21-12.20) and 0.44 (0.21-0.91), respectively. In the S-1 group, the gene expression levels of DPYD and CDKN1A were significantly associated with the pCR and with the TRG response, respectively (Fig. 2) . The odds ratios of DPYD for pCR prediction and of CDKN1A for TRG prediction were 0.38 (0.16-0.91) and 0.30 (0.09-0.95), respectively. In the UFT/LV group, no significant association between gene expression and the pCR or the TRG response was observed.
In a multivariate logistic regression analysis of the pathological response (TRG), the expression levels of four genes (HIF1A, MTHFD1, GGH and TYMS) in all the patients, of two genes (HIF1A and MTHFD1) in the S-1 group, and of two genes (RRM1 and MTHFD1) in the UFT/LV group were identified as being significant using stepwise regression (Fig. 3) . The accuracy rates of the predictive models using the logistic regression technique in all the patients, in the S-1 group, and in the UFT/LV group were 83.3, 81.5, and 74.1%, respectively ( Table 2) .
A high gene expression of GGH was associated with resistance to CRT in the UFT/LV group [odds ratio 0.40 (0.16-1.02)]. In contrast, high gene expression of GGH was associated with sensitivity to CRT in the S-1 group [odds ratio 2.00 (0.88-4.56)] (Fig. 4) . In a multivariate logistic regression analysis for the pathological response (TRG), the regimen, GGH, and regimen × GGH, a significant qualitative interaction was observed between the regimen and GGH (P = 0.0113, data not shown). In other words, the effects of the gene expression levels of GGH on the response were differed significantly according to the regimen. The total pathological response rate of both high-GGH patients in the S-1 group and low-GGH patients in the UFT/LV group was 58.3%, which was higher than that observed for all the patients (42.6%) ( Table 3) . Fig. 2 Univariate logistic regression analysis for the pathological response to CRT using gene expression levels in tumor tissues before CRT. The odds ratios are the values per change in regressor over one unit. 95% CI 95% confidence interval. The P values were calculated using the Wald test. In the UFT/LV group (n = 27), none of the gene expressions were significantly associated with the pathological response to CRT Fig. 3 Multivariate logistic regression analysis for the pathological response (TRG) to CRT using gene expression levels in tumor tissues before CRT. The odds ratios are the values per change in regressor over one unit. 95% CI 95% confidence interval. Variables were selected using stepwise regression. The P values were calculated using the Wald test
Discussion
A longer radiation-surgery interval from the end of neoadjuvant CRT is reportedly associated with higher rates of pCR in the treatment of rectal cancer, but intervals of longer than 8 weeks were associated with higher rates of positive circumferential resection margins [31] [32] [33] . A multicenter randomized controlled trial (GRECCAR-6) showed that waiting 11 weeks after CRT did not increase the rate of pCR after surgical resection, compared with 7 weeks after CRT, and a longer waiting period was associated with higher morbidity and a more difficult surgical resection [34] . Lengthening the interval between radiation and surgery and the additional neoadjuvant administration of mFOLFOX6 reportedly increased the rate of pCR, but the proportion of patients experiencing adverse events during mFOLFOX6 treatment also increased among patients with locally advanced rectal cancer [10] .
Based on these results, in this study, we adopted an interval of 8-9 weeks from the completion of radiation therapy until surgery and added two groups (Groups B and D) in which S-1 or UFT/LV was continuously administered until surgery after the completion of CRT. Then, we investigated the pathological responses in the following four groups: Group A, S-1 for 5 weeks; Group B, S-1 for 11 weeks; Group C, UFT/LV for 5 weeks; and Group D, UFT/ LV for 10 weeks.
The rate of pCR among all the patients was 14.8%, and this rate remained the same for both the S-1 and UFT/LV groups ( Table 1 ). The rate was almost the same as previously reported rates for 5-FU-based CRT in patients with rectal cancer [8, 9] . Unexpectedly, the addition of oral UFT/LV or S-1 therapy during the period between the completion of radiotherapy and surgery did not affect the pathological response rate (Table 1) . These results suggest that additional 5-FU-based chemotherapy treatments during the interval between CRT and surgery are not beneficial in patients who have received 5-FU-based CRT.
Although both S-1 and UFT are 5-FU-based oral drugs, UFT is commonly used in combination with LV to enhance the effects of 5-FU, but S-1 is commonly used without LV since S-1 has a stronger antitumor effect than UFT. Therefore, the absence/presence of LV may affect predictive factors, such as folate-related genes. Actually, we previously reported that the gene expression levels of folylpolyglutamate synthase (FPGS) and gamma-glutamyl hydrolase (GGH) in tumors could predict the levels of reduced folate after LV administration in tumor tissue [23] . Moreover, we have reported that a reduction in GGH gene expression was associated with the response to UFT/LV chemotherapy in patients with colorectal cancer [24] .
In this study, we investigated the association between gene expression levels in tumors before CRT and the Fig. 4 Univariate logistic regression analysis for the pathological response (TRG) to CRT using GGH gene expression levels in tumor tissues before CRT. The odds ratios are the values per change in regressor over one unit. 95% CI 95% confidence interval. The P values were calculated using the Wald test The analysis showed that a high gene expression of GGH was associated with resistance to CRT in the UFT/LV group, but that a high gene expression of GGH was associated with sensitivity to CRT in the S-1 group (Fig. 4) . Therefore, these results suggest that the gene expression level of GGH in tumor tissues may be a useful biomarker for determining which regimen, S-1 or UFT/LV, should be used for CRT. Actually, the total pathological response rate of both high-GGH patients in the S-1 group and low-GGH patients in the UFT/LV group was 58.3%, which was higher than the rate for all the patients (42.6%) ( Table 3) .
GGH is a lysosomal enzyme that acts as an endopeptidase and an exopeptidase to remove the terminal glutamates of the polyglutamated folates synthesized by FPGS [35, 36] . The polyglutamate forms of folate are more easily retained within cells [35] . We previously reported that the siRNA down-regulation of GGH mRNA increased both the intracellular folate level after LV treatment and the cellular sensitivity to FdUrd plus LV [37] . We also reported that the expression level of GGH was negatively correlated with the level of reduced folate in CRC tissues [23] . Therefore, the low levels of GGH mRNA might lead to an elevated folate level in tumor tissue, thereby enhancing the antitumor effect of UFT/LV chemotherapy. On the other hand, the antitumor effect of S-1 chemotherapy without LV may not be affected by the gene expression levels of GGH. However, the reason why a high gene expression level of GGH was associated with sensitivity to CRT in the S-1 group remains unknown.
In a multivariate logistic regression analysis of the pathological response (TRG) in all the patients, the expression levels of four genes, HIF1A, MTHFD1, GGH and TYMS, were significantly selected using stepwise regression (Fig. 3) , and a higher accuracy rate (83.3%) for predictive models using these four genes was obtained in this study (Table 2) . Therefore, the gene expression levels of four genes, HIF1A, MTHFD1, GGH and TYMS, in tumor tissues before CRT may be useful for predicting the efficacy of preoperative CRT including S-1 or UFT/ LV in patients with rectal cancer. In particular, MTHFD1 was selected as a common predictor for both the S-1 and UFT/LV groups (Fig. 3) , i.e. independently of the administration of LV. MTHFD1 is an enzyme with the following three functions: the ATP-dependent conversion of formate and tetrahydrofolate (FH 4 ) to 10-formyltetrahydrofolate (10-CHOFH 4 ) (synthetase); the interconversion of 10-CHOFH 4 and 5,10-methenyltetrahydrofolate (5,10-CHFH 4 ) (cyclohydrolase); and the NADP-dependent reduction of 5,10-CHFH 4 to 5,10-methylenetetrahydrofolate (5,10-CH 2 FH 4 ) (dehydrogenase) [38] . Tsukihara et al. recently reported that the reduction of the expression of MTHFD1 using small-interfering RNA decreased the in vitro cytotoxicity of FdUrd, the active form of 5-FU, in the human colorectal cancer cell lines DLD-1 and HCT116 [39] . These facts suggest that MTHFD1 may work as an enzyme that produces 5,10-CH 2 FH 4 , which is essential for the inhibition of TYMS by 5-FU, independently of the administration of LV in CRT that includes 5-FU-based drugs.
TYMS is one of the principle enzymes involved in DNA synthesis and is a molecular target of 5-FU [40] . An inverse relationship has been reported between TYMS expression levels and the response to 5-FU [41] [42] [43] . We have previously reported that a low level of TYMS gene expression in tumor tissues before CRT was associated with the response in rectal cancer patients receiving preoperative CRT including S-1 or UFT [8] . In accordance with these previous reports, a negative correlation between the gene expression level of TYMS and the response to CRT including S-1 or UFT/LV was observed in a multivariate analysis performed in this study.
HIF1 is an enzyme with a key role in the cellular response to hypoxia, and the alpha subunits of HIF (HIF1A) are rapidly degraded by proteasomes under normoxia, but are stabilized by hypoxia. HIF-1 affects many processes that have been shown to influence radio-responsiveness, including glycolysis, mitosis, apoptosis, and angiogenesis [44] . Toiyama et al. reported that a low gene expression level of HIF1A in pre-treatment tumor biopsies was significantly associated with a high rate of tumor regression in patients with rectal cancer treated with neoadjuvant 5-FUbased CRT [45] . In accordance with this previous report, a negative correlation between the gene expression level of HIF1A and the response to CRT including S-1 or UFT/LV was observed in a multivariate analysis performed in this study.
Conclusions
Additional 5-FU-based chemotherapy treatments during the interval between CRT and surgery are not beneficial to patients who have received 5-FU-based CRT. The expression levels of four genes (HIF1A, MTHFD1, GGH and TYMS) in tumor tissue before CRT can predict the response to preoperative CRT including S-1 or UFT/LV. In particular, the gene expression level of GGH in tumor tissues may be a useful biomarker for determining which regimen, S-1 or UFT/LV, should be used for CRT.
